Here, we statistically identified the critical factor of the granulation rate during the fluidized bed granulation process. Lactose was selected as the excipient and was granulated with several binders, including hydroxypropyl cellulose, hydroxypropyl methyl cellulose, and polyvinylpyrrolidone. The viscosity, density, and surface tension of the binder solution, contact angle, and the work done during adhesion and cohesion between the binder and lactose, mist diameter, Stokes number, and the dimension of the droplet were considered. The Stokes number was defined as the ratio of the inertial force to the viscous-damping force of a particle. We confirmed that droplet diameter after adhesion had the highest correlation coefficient with the granulation rate constant in our investigated parameters. Partial least squares regression revealed two critical principal components of the granulation rate: one relating to the droplet dimension, which is composed of mist diameter and diameter and thickness of the droplet after adhesion of the binder to the lactose surface; and the other relating to wettability, which involves the work done during adhesion and cohesion, surface tension, and the thickness of the droplet after adhesion of the binder to the lactose surface.
Pharmaceutical industry uses granulation to add several functions to the original powder. For example, powder flowability can be improved by particle size enlargement, as the adhesion force is smaller than the gravity force for a coarse particle. 1) Granulation can also be used to improve compactibility 2) and is effective for avoiding segregation.
1)
Fluidized bed granulation is a popular granulation method used in several industries, as granulation and drying can be conducted in a single system, effectively avoiding contamination by foreign materials and expediting production. 3) In fluidized bed granulation, raw powdered material is fluidized by heated air, followed by spraying binder solution to bind the powder. Because the particle size of a granule often affects the quality of the final product of the oral dosage form, it is important to understand which critical factors affect the granulation rate.
Shaefer et al. 4) and Nishimura et al. 5) investigated the influence of mist diameter in the fluidized bed granulation process, noting a positive correlation in granule size and spray mist diameter. However, the Schaefer report also indicated that this relationship varies with the material used for binding, suggesting that other factors also contribute to the granulation rate.
Watano et al. 6) considered the effects of moisture content on granulation rate, finding that moisture content has a significant effect on particle size-but only if the moisture content region exceeds 7% of the formulation. Two reports by Jaiyeoba and Spring 7, 8) measured the contact angle of a water droplet for various excipients, finding that a lower contact angle correlates with a faster granulation rate and higher granule hardness.
The importance of the Stokes number on powder agglomeration was clarified by Ennis et al. 9) Given that viscous dissipation is more important than capillary rupture energy to powder agglomeration, it is important to compare Stokes number and the critical Stokes number-equivalent to comparing the motion energy and viscous dissipation-when considering powder agglomeration. Thielmann et al. 10) simulated the granulation ratio using wettability and Stokes number in a random coalescence model, finding that Stokes number is indeed in an important factor in determining the granulation rate.
However, despite the above findings, which factor is the most influential on granulation of an oral dosage form remains. Based on above findings, coalescence rate of powder is affected by physical property of binder solution, affinity of binder solution and powder and granulation condition. We therefore examined the effects of eight factors (viscosity, density, surface tension, contact angle, work, mist diameter, Stokes number, and droplet dimension) on granulation rate during fluidized bed granulation using statistical analysis.
Experimental
Preparation of Binder Solution Binder solutions were prepared using hydroxypropyl cellulose (HPC, trade name is HPC-L; listed in the Japanese Pharmacopoeia Sixteen Edition ; Nippon Soda Co., Ltd., Tokyo, Japan), hydroxypropyl methyl cellulose (HPMC, trade name is TC5-E; listed in JP-16; Shin-Etsu Chemical Co., Ltd., Tokyo, Japan), or polyvinylpyrrolidone (PVP, trade name is Kollidon 30; listed in JP-16; BASF Japan Ltd., Tokyo, Japan). The percentages of the binders used (w/w) were 4% and 8% HPC, 10% HPMC, and 10% PVP (all aqueous solutions). De-ionized water was used to prepare each solution.
Granulation Lactose (4825 g; Pharmatose 200 M; listed in JP-16; DMV-Fonterra Excipients, Tokyo, Japan) was fed into a fluidized bed granulator (GPCG-15; Powlex, Itami, Japan). After preheating the powder bed, an aqueous binder solution containing 175 g of binder as solid content was sprayed over the area. Granulation conditions are described in Table 1 . A Regular Article * To whom correspondence should be addressed. e-mail: maya.fujiwara@astellas.com
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spray time of 30 s and dry time of 20 s was repeated to maintain low moisture content during granulation in an effort to minimize effects on the granulation rate.
6) The temperature of the powder bed was kept constant (35°C) during granulation. For each binder solution, granulations were conducted using three levels of spray air volume.
During granulation, granules were taken periodically from the sampling port, and the particle size and moisture content were evaluated. A halogen moisture content analyzer (HR84; Mettler Toledo international Inc., Tokyo, Japan) was used to evaluate the moisture content of the granules by drying 5 g at mode 4 and 80°C. For sieve analysis, 5 g of granules were sieved for 5 min using 63, 75, 106, 150, 180, 250, 355, and 500 µm sieve sets. After sieving, the remaining granules in each sieve were weighed. D 50 (mean particle size diameter) was calculated using a log normal distribution plot.
Calculation of the Granulation Rate Constant (k) D 50 is often used as the representative parameter of particle size of a granule during the fluidized bed granulation process. The granulation rate constant (k) was defined as a function of D 50 using Eq. 1 and calculated via linear regression. 
where t, D 50, t=0 , and D 50,t are the granulation time, D 50 at the start of granulation, and D 50 at time t, respectively.
Measurement of Mist Diameter
Each binder solution was sprayed from a pneumatic nozzle, and the volume mean mist diameter (D m ) was measured using a laser light-scattering mist checker (LDSA-1400A; Nikkiso Co., Ltd., Tokyo, Japan) at a distance of 50 cm. This distance was selected based on the common distance between the spray gun and powder bed on the fluidized bed granulation.
Measurement of Physical Properties of Binder Solution A rotating viscometer (DV-II Pro; Brookfield Engineering Laboratories, Inc., Middleboro, MA, U.S.A.) was used to measure the viscosity (η) of the binder solutions by rotating an LV-1 spindle at 30-100 rpm at 35°C. Surface tension (γ 1 ) was measured by the Wilhelmy method using a surface tensiometer (CBVP-Z; Kyowa Interface Science Co., Ltd., Niiza, Japan). The density (ρ) of the solutions was determined by weighing 100 mL of binder solution.
Measurement of Contact Angle Lactose tablets were manufactured by Autograph (AGS-20kNG; Shimadzu Corporation, Kyoto, Japan), and the contact angle was measured. Lactose (180 mg) was compacted with 10 kN of compaction force using a plain punch 9 mm in diameter. Using an autocontact angle measurement system (Kyowa Interface Science Co., Ltd.), 2 µL of each binder solution was dropped onto the tablet, and the contact angle was measured after 100 ms.
Calculation of Physical Parameter after Powder Adhesion De Ruijter 11) demonstrated that the dimension of a droplet on a solid surface can be described using Eqs. 2-4.
where d, v, h, and θ are the droplet diameter after adhesion, volume of the droplet, the thickness of the droplet after adhesion, and the contact angle, respectively. The mean of v was calculated from the volume mean mist diameter (D m ), as shown by Eq. 5.
The work done by adhesion and cohesion (W) can be described as.
1)
Calculation of Stokes Number Coalescence of a particle has been shown to occur when the Stokes number (St) is less than the critical Stokes number (St*).
1,9) However, the particle rebounds when St is greater than St*. These two phenomena are described by Eqs. 7 and 8, respectively.
where m, u 0 , µ, D, e, λ, and h a are the particle weight, velocity of the particle upon collision, viscosity of the liquid layer, diameter of the particle, efficiency of restitution, thickness of the liquid layer, and surface roughness, respectively. λ is assumed to be able to be calculated from the height of a short cylinder having the same volume as a droplet.
12)
If the bubble diameter (D b ) and velocity (U b ) is known, u 0 can be estimated using Eq. 10 1,9) as follows:
Further, D b and U b of a lactose particle can be estimated using Eqs. 11 and 12 based on the work done by Cai 13, 14) and Werther, 13, 15) as lactose is categorized as a Geldart A particle. 
where H, U 0 , and U mf , D x are the bed height, apparent air velocity, minimum fluidization velocity and diameter of fluidized bed, respectively. U mf was calculated using Wen-Yu's equation. 
where ρ p , ρ f , μ a , are density of particle, density of air and air viscosity, respectively. The particle size (D) of lactose was measured using a laser light-scattering particle size analyzer (HELOS & RODOS; Sympatec GmbH, Clausthal-Zellerfeld, Germany) with D 50 instead of D for Eqs. 7, 8, 10, 13 and 16. m can be calculated using Eq. 16, assuming the particle is spherical.
where ρ p of lactose was measured using a densimeter (Accupic 1330; Shimadzu, Kyoto, Japan). h a was set to 0.75 µm based on previous findings. 18) Assuming that e=1 and µ= η, we calculated St*/St and compared the value with the granulation rate (k).
Statistical Analysis Unscrambler (Camo Software Japan, Tokyo, Japan) software was used to calculate the correlation coefficient and conduct partial least squares regression (PLSR) analysis. Before PLSR, we conducted as pre-processing, centralization, and standardization for each input variable.
Results and Discussion
Moisture Content and D 50 in Granulation The time course of the moisture content of the product during granulation is shown in Fig. 1 . Moisture content at the end of granulation (M) was kept to no more than 1%. The PVP formulation showed higher M than either the HPC or HPMC solutions, possibly due to differing moisture adsorption properties between the binder ingredients. The time course of D 50 during granulation for 8% HPC is shown in Fig. 2 . The granulation rate (k) increased with decreasing spray air volume.
Correlation Coefficient of Each Physical Parameter
The physical properties of the binder solution (η, ρ, γ 1 ) and affinity (θ, W) with lactose are shown in Table 2 . PVP solution (10%) had the lowest contact angle (θ) and work (W) done by adhesion and cohesion, indicating that the 10% PVP solution had the highest wettability among binding solutions.
Values of D m , M, St*/St, d, h, and k are shown in Table 3 , while the correlation coefficients of each physical parameter are shown in Table 4 . The correlation coefficient of D m and k was 0.67. Figure 3 indicates a clear correlation between D m and k when the same binder solution is used. As previously indicated, 4) mist diameter is critical for controlling the granulation rate. The correlation coefficient between d and k was 0.87, the highest of all physical parameters investigated (Fig.  4) . Furthermore, when 4% HPC was used for binder solution, increment rate of D 50 on largest D m was slightly smaller than expected. This might be caused by difference of attrition rate between binder solutions. In this experiment, influence of coalescence rate to granulation rate is mainly investigated. For precise investigation, parameter that represents attrition rate of granule should be taken into account.
Equations 2, 4, and 5 show that d is large when D m is large and θ is small. It indicates that d is sensitive to both D m and θ which implies that the surface area of the binder relates to the agglomerated particle size. In other words, the probability of agglomeration of a particle increases with the size of the wet surface area. In general, for tablet formulations, the binder ratio in the formulation should be as small as possible, as this minimizes the disintegration time of tablet. Therefore, the above result suggests that binder solution that shows large D m and small θ should be selected.
The correlation coefficient between θ and k was −0.20, which is far less than that seen between k and D m . Similar low correlation was seen between St*/St and k (correlation coefficient= 0.18). Because the magnitude of St*/St for a lactose particle (D 50 =30 µm) was on the order of 10 2 , St*/St has no effect on the granulation rate. When the same calculation was applied for the collision of 500 µm diameter particles, St*/St was much smaller, in the range of 0.9-39. However, only 2% of particles in the present study were ≥500 µm in diameter, meaning such collisions rarely occurred. Any influence by the Stokes number is therefore negligible. PLSR Analysis PLSR analysis was conducted to confirm the impact of each variable on k. The properties of the binder solution (η, ρ, and γ 1 ), affinity (θ and W), mist diameter (D m ), and calculated parameters (St*/St, d, and h) were used as input variables for the PLS analysis. The relationship between the number of factors and the explained variance of k is shown in Fig. 5 . Internal validation resulted in an explained variance of k on cross validation of 0.89 when the number of factors (principal components) was 3, indicating that k can be explained well by Factors 1 to 3. Figure 6 compares the predicted and measured values of k by the calibration line, which is composed by 3 factors. The root mean square error (RMSE) of the cross validation was 0.54 µm/min, indicating that the calibration line of k was created well using PLSR.
The correlation loading between Factors 1 and 2 is shown in Fig. 7 . Of all variables considered, d was closest to k on As surface area of liquid layer on powder is large on higher score granulation condition, probability of coalescence of each granule will increase. A score plot of Factors 1 and 2 is shown in Fig. 8 . As Factor 1 is mainly composed by d and D m , score of Factor 1 is affected by atomizing condition. However, Factor 2 is mainly composed by wettability, which is a property of binder solution. Thus, differences in the atomizing condition are mainly explained by Factor 1, and differences between binders by Factor 2.
Conclusion
Droplet diameter after adhesion was found to be a key factor influencing granulation rate during the fluidized bed granulation process based on PLSR analysis. Further, when using different binder solutions, we demonstrated that D 50 could be estimated from predicted k values. Our results should help in selecting the optimum binder for fluid bed granulation during the development stage of oral dosage forms. In our study, lactose, which is hydrophilic raw material, was used as granulated powder. If hydrophobic raw material is used, granulation rate will be low.
1) However, same conclusion is expected. 
